ABSTRACT Steroid hormones are known to freely partition into lipid bilayers. As a case study, we investigated the behavior of the steroid hormone cortisone in a model lipid bilayer. First, we looked at energy barriers involved in the partitioning of a single molecule into a bilayer using umbrella sampling molecular dynamics simulations. A rather wide well of À4.5 kcal/mol was observed in the interfacial region between the lipid headgroup and tailgroup. Next, using two unconstrained molecular dynamics simulations with cortisone initially positioned at distinct locations within a bilayer, we studied the preferred location and orientation of the molecule. Finally, we observed how cortisone molecules could spontaneously insert and localize in a bilayer from bulk solution. The three independent approaches produced a converged picture of how cortisone behaves in a model lipid bilayer.
Steroid hormones like progesterone, testosterone, cortisone ( Fig. 1) , etc. play a critical role in regulating many life processes by acting as intercellular signaling molecules (1) . These molecules are produced by steroidogenesis, a process by which various steroids are produced through a series of transformations starting from cholesterol. In the classic genomic pathway of steroid action, steroids enter a cell through the plasma membrane, bind to specific steroid receptors and the complex transported into the nucleus where it regulates gene transcription (1) . However, much attention has been given recently to the rather less well understood rapid effects of steroids that include the association with membranes and modulation of neuroreceptors by circulating steroids (2) (3) (4) . Intriguingly, steroids like cortisone, cortisol, and progesterone have been shown to act as noncompetitive inhibitors of nicotinic acetylcholine receptors, which are membrane-bound ion channels (5) . The apparent interaction site is located on a lipid-exposed transmembrane helix. Membrane-bound g-aminobutyric acid receptors are also modulated by corticosteroids like cortisone and cortisol (6) . Specific binding sites are thought to exist for various steroids in the membrane (7) .
To study how a steroid interacts with a membrane-bound protein, it is important to understand how it partitions and localizes in a lipid bilayer environment. This could provide insights into how protein-steroid interactions could be initiated. In this study, we employed three independent approaches to study interactions between the steroid cortisone and a model 1-palmitoyl-2-oleoyl-sn-glycero-3 phosphocholine bilayer. First, we used an umbrella sampling (8) molecular dynamics (MD) protocol to generate biased distributions of cortisone positions along a reaction coordinate normal to the bilayer (chosen as z axis). This was then used to derive a free energy profile that indicates energy barriers along the chosen pathway. Next we ran an unconstrained MD simulation with cortisone initially positioned in the middle of the bilayer (z ¼ 0 Å ) and another with the molecule initially positioned roughly in the headgroup-tailgroup interface region (z ¼ 10 Å ). Finally, to study how cortisone partitions into a bilayer, we placed multiple copies of the molecule at random locations in bulk solution and observed cortisone-lipid interactions as it associated, partitioned, and localized in the bilayer. The umbrella sampling protocol used is detailed in Supplementary Material, Data S1. Fig. 2 shows the PMF for a cortisone molecule partitioning into the bilayer. A rather broad well of À4.5 kcal/ mol exists in a region that corresponds to the interface between the headgroup and tailgroup of the lipid bilayer. The depth of the well is comparable to results obtained for steroid hormones partitioning into an implicit solvent model (9) . In an implicit membrane model, steroid hormones like estradiol, testosterone, and progesterone were shown to prefer an orientation parallel to the membrane normal (9) . However, these steroids have a tail that is less polar than cortisone (see Fig. S1 in Data S1). The preference for the interfacial region between the polar and the hydrophobic regions of the bilayer can be attributed to the distribution of polar groups on the cortisone molecule. Almost all hydroxyl and ketone groups of cortisone are located on one side of the long axis of the fusedring system (Fig. 1) and associate with the polar headgroup of the lipids while the hydrophobic side of the molecule prefers the lipid tails. Thus, the molecule is amphipathic and orientates itself to maximize favorable contacts in the heterogenous bilayer interface region. The presence of polar groups in the cortisone tail introduces a barrier to free diffusion across the hydrophobic core of the membrane, resulting in a peak in the PMF in the middle of the bilayer. Steroid hormones, in general, are believed to freely diffuse across a membrane partly due to their close resemblance to cholesterol (Fig. 1) , but recent evidence suggests that they could also enter cells through receptor-mediated endocytosis (10) .
To elucidate where cortisone localizes in a bilayer, two 50-ns unconstrained MD simulations were run. Cortisone was initially placed in the middle of the bilayer (z ¼ 0 Å ) in one simulation and in the headgroup-tailgroup interface region (z ¼ 10 Å ) in the other. In both cases, the molecule was initially placed with the fused ring roughly parallel to the membrane normal in an orientation that cholesterol is thought to assume in a bilayer. Fig. 3 shows the partial densities of the various groups in the simulation box. It is clearly evident that, in both cases, the cortisone molecule spends most of the time in the region in the headgroup-tailgroup interface with a peak observed at ;11-12 Å , which is also the location of a minimum in the PMF (Fig. 2) .
Observing spontaneous insertion into a bilayer in an unconstrained MD simulation is generally a difficult problem due to limited sampling. Despite this, we attempted to study spontaneous insertion by placing six molecules of cortisone at random positions and orientations in the bulk solution and simulated the system for 25 ns. One of the six cortisone molecules spontaneously partitioned into the bilayer after 5 ns. A second molecule did so after 20 ns while the rest remained in solution. The location of the cortisone that partitioned into the bilayer first is shown in Fig. 4 A, while that for the second is provided in the Fig. S1 in Data S1. After spontaneous insertion, the molecule adopts an orientation and location remarkably similar to the results we presented above, confirming that placing the molecule within the bilayer did not bias the results presented. Fig. 4 B gives an indication of how cortisone orients itself. In an attempt to keep the two out-of-plane methyl groups and hydrophobic regions of cortisone buried in the lipid tails, oxygen O 3 (green) is always nearer to the bilayer surface compared to O 2 (red), while the oxygen at the other end O 1 (blue) has much more freedom (Fig. 4 B) . Hence, unlike cholesterol where the hydrophobic tail is buried deep in the lipid tails attaining an orientation roughly parallel to the membrane normal, cortisone prefers an orientation that is parallel to the bilayer surface where its polar groups have maximal exposure to the lipid headgroups while keeping the hydrophobic region buried in the lipid tails.
Insertion takes place in a sequence of steps. The polar groups of cortisone, which replaces the hydrophobic tail in cholesterol (Fig. 1) , first associate with the lipid headgroups ( Fig. 5 A) ; the main interaction is between the cortisone tail hydroxyl group and the lipid phosphate oxygens. The molecule is then pulled deeper into the bilayer (Fig. 5 B) where the polar groups interact with the choline, glycerol, and phosphate group from three lipid molecules. It then flips to embed its hydrophobic region into the nonpolar region of the bilayer (Fig. 5 C) while allowing all five polar groups to interact with the lipid headgroups. Finally, the cortisone molecule sinks into the bilayer, finds its optimal location and orientation (Fig. 5 D) where the hydrophobic side and out of plane methyl groups interact with the nonpolar lipid tails, and remains there for the remainder of the 25 ns simulation.
In this study, we used three independent approaches to investigate the orientation and localization of a cortisone molecule in a lipid bilayer. A converged picture of cortisone localizing in the headgroup-tailgroup interfacial region emerged. In the nicotinic acetylcholine receptor, Thr 422 , a residue that is thought to associate with steroids (11) , is located on a lipid-facing transmembrane helix that resides in this region suggesting that a steroid could insert into a bilayer, laterally diffuse in the bilayer, and inhibit the receptor at the putative site. In conclusion, the results presented here provide insights into the nongenomic pathway of steroid action (4) via membrane interactions.
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